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The binary indole alkaloids, vinblastine (VLB) (l) 1 and vincristine (VCR) (2) 2 are presently considered to be among the most potent chemotherapeutic agents available to man for the treatment of a variety of malignant conditions including Hodgkins disease, choriocarcinoma, acute leukaemia in children and other malignant conditions 3 . The low occurrence of these alkaloids in the leaves of Vinca rosea has posed a serious problem to the pharmaceutical industry and attracted the attention of many organic chemists towards developing syntheses of these substances. These efforts have been thwarted in the past due to the presence of complex functionalities and stereochemical intricacies in both moieties of these binary molecules.
Examination of the structure of VLB reveals that it consists of a tetracyclic indole moiety linked by a C-C bond with a dihydroindole moiety. The dihydroindole moiety of VLB is the Aspidosperma alkaloid, vindoline (3) . The indole moiety of VLB bears a nine-membered nitrogen-containing ring and it does not occur in an uncombined form with vindoline in Vinca rosea. Our previous efforts in this field were directed at developing suitable synthetic routes to such nine-membered ring containing indole units and resulted in the first syntheses of (±)a-and /?-dihydrocleavamines 4 , (±)-16-carbomethoxydihydrocleavamine 5 , and (±)-16-hydroxydihydrocleavamine 6 ' 7 .
Treatment of (±)-16-hydroxydihydrocleavamine with vindoline under acid conditions afforded the first synthetic binary analogue of vinblastine, i.e., deoxydemethoxycarbonylvinblastine 6 ' 7 .
It has been generally accepted that such ninemembered ring containing indoles are the biological precursors to VLB and other binary alkaloids. In spite of intensive investigations of V. rosea plants, such cleavamine units have, however, not been isolated. This led us to propose in 1969 8>9 that the Iboga alkaloid catharanthine (4) itself may be a biogenetic precursor to VLB, VCR etc. The structure of catharanthine bears a close similarity with the tetracyclic indole moiety of VLB and it appeared reasonable that vindoline could attack C-16 of a suitably activated catharanthine* with the simultaneous cleavage of the C16-C21 bond to afford in one attractive step the total skeleton of VLB. Catharanthine (4) may be activated to undergo such an attack by 1 the presence of a suit-* The numbering system employed is based on the biogenetic system proposed bv LE MEN and W. I.
TAYLOR 21 . able leaving group at the basic nitrogen which would assist the fragmentation of the C16-C21 bond (Scheme 1). carbonium ion under strongly acid conditions at C-15 (Scheme 3).
Scheme 3.
Examination of models in all these cases suggested that such an attack of vindoline on activated catharanthine derivatives, would afford significant quantities of the binary compound bearing the natural configuration at C-l6.
Another approach to generating such ninemembered ring systems from catharanthine was demonstrated by us by cleavage of catharanthine under acid conditions with sodium borohydride 9 . The reaction proceeds by trapping of the intermediate 5 generated in hot glacial acetic acid with sodium borohydride to afford 16-carbomethoxycleavamine in high yields. In this reaction we obtained both the epimeric carbomethoxycleavamines at C-16, i.e., a-and ß-carbomethoxycleavamines. These results are in direct contradiction of those of J. P. KITTNEY and co-workers who have reported 11 complete stereospecificity of reaction by obtaining only 16-/?-carbomethoxycleavamine (6) . An examination of the intermediate 5 clearly shows that protonation at C-16 can take place from either side to afford both the a-and ^-products. No stereospecificity would be expected in this protonation and none was observed by us. The results of J. P.
KUTNEY and co-workers are, therefore, questionable. Confirmation of our results has subsequently come from the work of G. F. SMITH and co-workers 12 who also obtained both a-and /3-carbomethoxycleavamines on reduction of catharanthine under acid conditions. BUCHI and co-workers had previously shown 13 that chloroindolenines prepared from indoles by reaction with £er£-butylhypochlorite readily undergo attack by nucleophiles to afford C-16 substituted products. This reaction was applied by NEUSS and co-workers to obtain demethoxycarbonyldeoxy VLB (10) by reaction of the chloroindolenine (9) of dihydrocleavamine (8) with vindoline 14 . The same substance had been previously reported by us by the reaction of 16-hydroxydihydrocleavamine with vindoline 6 . NEUSS noted that the C-16 proton in the binary molecule appeared at 8 4.5 whereas in desacetyldescarbomethoxy VLB hydrazide prepared from natural VLB, the C-16 proton appeared farther upfield. This led NEUSS to first conclude that the chloroindolenine procedure affords the binary molecule with a non-natural configuration at C-16. Confirmation of this has come from the results of other workers 10 -16 . Examination of the NMR spectrum of demethoxycarbonyldeoxy VLB (10) prepared by us from (±)-16-hydroxydihydrocleav-amine (11) and vindoline (3) showed that the C-16 proton likewise appeared at 8 4.5 (J = 10 Hz) indicating that his approach also leads to the nonnatural configuration at C-16. Moreover, since the integration at S 4.5 corresponded to one complete proton, it was clear that the attack of vindoline was occurring to afford stereospecifically the undesired isomer. It is possible that in acid conditions the charge on the benzylic carbonium ion (12) can be delocalized into the indole nucleus to afford the 2-alkylidene indole intermediate (13) 
Comparison of this species with the chloroindolenine intermediate (9) shows that the attacked carbon is in an sp2 hybridized state in both cases with an identical relative stereochemical disposition of functionalities. The attack by vindoline at C-16 is therefore likely to lead to the same stereochemistry of the binary molecule.
Another possible approach to these binary molecules involves the generation of the quaternary salt (14) by an intramolecular attack of the basic nitrogen on C-16, either in 16-hydroxydihydrocleavamine (11) or in dihydrocleavamine chloroindolenine (9). This reaction is essentially the reversal of the cleavage of the quaternary salt (14) with nucleophiles with the concommittant cleavage of C-N+ bond to afford nine-membered rings. This reaction was first demonstrated by us in 1967 and afforded (±)-16-carbomethoxydihydrocleavamine 5 , mercuric acetate oxidation of which affords the Iboga alkaloids coronaridine and dihydrocatharanthine. When 16-hydroxydihydrocleavamine was refluxed in the presence of a trace of acid, it could be converted to the quaternary salt (14) . The same quaternary salt was obtainable from the chloroindolenine of dihydrocleavamine. Our earlier studies on the cleavages of these quaternary salts with cyanide had shown that the attack of the nucleophile occurred from both sides. It was hoped that vindoline would also afford significant quantities of the binary material with the natural configuration at C-16. Studies of such cleavage reactions with vindoline afforded small quantities of the binary materials but the yields in those reactions were very low (0-7%) and efforts to improve these are currently underway.
As stated above the reductive cleavage of catharanthine affords a-and /9-16-carbomethoxycleavamines in high yields. Reaction of vindoline with the corresponding chloroindolenine afforded ' 'anhydro vinblastine 9 .'' The synthesis of anhydro vinblastine represented the first practical demonstration of using catharanthine as the starting point for a semi-synthetic approach to VLB and VCR, as predicted by us in 1969 8 -9 . It was suspected that "anhydrovinblastine," like demethoxycarbonyldeoxyvinblastine prepared by NEUSS by the chloroindolenine approach, may possess the unnatural configuration at C-16. This has recently been confirmed by POTIER by circular dichroism studies 10 . J. P. KUTNEY, A. I. SCOTT and co-workers have recently (1975) reported a re-synthesis of this substance 15 by a route identical to that described by us in 1971 s *.
* Although KUTNEY was aware 16 of our earlier synthesis 9 , unfortunately no reference to our original synthesis of this binary molecule has been given 15 . In another publication 16 , KUTNEY has claimed that anhydrovinblastine had been prepared by him several years prior to our work. The reference 17 in support of this statement however does not refer to the synthesis of this molecule but its dihydroderivative. Similarly we had reported the synthesis of (^J-lö-carbomethoxydihydrocleavamine in 1967 by a novel cleavage of the quaternary salt (14) with cyanide 5 to generate the desired nine-membered ring. J. P.
An alternative approach to the formation of these binary alkaloids is the presence of a suitable leaving group at C-16. In an SN 2 type reaction with vindoline the steric disposition of the leaving group will then control the direction of attack. Substances such as (15) are preparable by the reaction of (db )-16-hydroxydihydrocleavamine ordihydrocleavaminechloroindolenine with various nucleophiles, and the stereochemistry of displacement of these with vindoline is under investigation. The risk in such an approach is the possible generation of the 2-alkylidene intermediate which is again likely to lead to the unnatural configuration at C-16.
The road to vinblastine and vincristine starting from catharanthine was therefore fraught with the following remaining difficulties: 1) the functionalization of C 15-20 double bond to afford the Markownikov hydration product bearing the -OH group in the natural configuration; 2) the attack of vindoline at C-16 of catharanthine accompanied by the cleavage of C16-C21 bond to afford the natural configuration of VLB. The first of these problems was solved by us when we developed a new reaction for the Markownikov addition of acetic acid to olefins involving the trapping of the symmetrical acytoxonium ion (16) 16 that we had claimed the natural configuration for "anhydrovinblastine" and has then proceeded to disprove this. No such claim was ever made, the configuration at C-16 being uncertain at that time.
In the earlier publications because of the uncertainty of configuration at C-16, the term "vinblastine" was loosely employed by various workers when naming the synthetic analogues of VLB without specific assertions of the stereochemistry at C-16, e.g., had recently shown 10 that catharanthine N-oxide undergoes an attack by vindoline in the presence of trifluoroacetic anhydride to afford significant quantities of the binary molecule in the natural configuration. The N-oxide of 20-acetoxydihydrocatharanthine when similarly treated with trichloroacetic anhydride and vindoline, gave the binary quaternary salt (19) . This was reduced , hydrolysed, acetylated and deacetylated to afford vinblastine (l) 22 . The synthetic product was found to be spectroscopically and chromatographically identical to a sample of natural VLB. Vinblastine was oxidatively convertible to vincristine (VCR) (2) 20 .
The first syntheses of VLB and VCR described recently represent an exciting culmination of the initial phase of researches utilizing this semi-synthetic route 22 . Investigations on alternative approaches indicated above should lead to new and even more potent derivatives of these oncolytic molecules. 
